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The atomic structures of (331) -A and (331 )-R GaAs surfaces, prepared by ion bombardment and 
annealing (IBA) or by molecular-beam epitaxy, are investigated with low-energy electron 
diffraction, electron energy-loss spectroscopy, and Auger electron spectroscopy. The IBA (331)-
A surface exhibits double-layer steps at rather low temperature, and develops large (110) 
and (111) facets after further annealing at -420 ·C; the (331 )-R surface is flat up to annealing 
temperatures - 600 ·C, and exhibits large {II O} and (111 ) facets after further annealing. When 
prepared by molecular-beam epitaxy, the (331) -A surface exhibits double-layer steps after 
annealing up to -550 ·C, and develop (110) and (Ill) facets after further annealing; the (331)-
R surface is flat up to annealing at 550 ·C, and exhibits double-layer steps after further annealing 
at 600 ·C; it then develops large {II O} and (111 ) facets after further annealing. 
I. INTRODUCTION 
The properties of a material depend strongly on the proce-
dure with which it was prepared. For example, properties of 
GaAs samples grown by molecular-beam epitaxy (MBE) 
are closely related to the defect incorporation during 
growth, which in tum depends on the surface structure pa-
rameters such as bond configuration and bonding sites. So is 
the case for surfaces prepared by ion bombardment and an-
nealing (lBA). To better control these parameters and 
search for surfaces for improved growth, more understand-
ing of the properties of surfaces such as stability and struc-
ture as a function of temperature is required. From a funda-
mental point of view, it is therefore essential to study the 
energetics offormation and the stability of surfaces with dif-
ferent orientations, and to understand the mechanisms 
which drive atomic reconstructions on various surfaces of 
the same crystal. In the past decade, several theoretical and 
experimental studies ofSi, Ge, and GaAs surfaces have been 
undertaken for this purpose. 1-4 To extend the knowledge of 
surface structures in various orientations and to compare 
surfaces prepared by different procedures, (331) surfaces of 
GaAs samples prepared by both MBE and IBA are studied. 
According to Uppal et ai., 5 the (331 )-A surface is defined 
as that which makes a 220 angle with the (111 )-Ga plane, 
and the (331) -B surface as that which makes a 22· angle with 
the (111 )-As plane (see Fig. 1). For the ideally truncated 
GaAs (331) -A surface, the relative density of Ga and As 
bonding sites is 2: 1, while that for GaAs (331)-B is 1:2. The 
(331) surfaces make 13· angles with the (110) plane. The 
(110) surface is the most stable among all surfaces ofGaAs. 
Also, it can be seen from Fig. 1 that the (331) stepped sur-
face with single-layer steps and (110) terraces is identical to 
the "flat" (331) surface. One would therefore expect that if 
the (331) surface develops steps or facets, these structures 
will be (110) related. This is precisely what is found in this 
study. We focus, however, on the degree of stability of the 
(331) surface with respect to faceting as a function of sur-
face preparation. 
II. EXPERIMENTAL CONSIDERATIONS 
Si-doped samples, cut and polished to within 0.10 of the 
(331) plane, were supplied by Martin Marietta Laborato-
ries. The samples were etched in a solution ofHF:H20 2:H20 
( 1: 1: I) for - 5 s in order to distinguish between inequivalent 
surfaces with (331 )-A and (331 )-B orientations. The solu-
tion preferentially etches the (Ill )-As face ofGaAs, and led 
to very different etching rates on the A- and R-(331) sur-
faces. The etched (331 )-A surface was much smoother than 
the (331 )-B surface, allowing easy identification. The sam-
ples were In mounted on a molybdenum block for resistive 
heating and placed in a ultrahigh vacuum chamber (base 
pressure = 10- 10 Torr). The IBA surfaces were cleaned by 
ion bombardment with 2-keV Ar+ incident at an angle of 70· 
before annealing at the required temperature. The MBE pre-
pared samples were grown in a separate chamber at a typical 
substrate temperature of 620 .c. The growth rate was 1 A/s. 
After a 30-min growth, the samples were transferred to the 
analysis chamber with a magnetically coupled transfer rod. 
The samples (both IBA and MBE prepared) were then an-
nealed at temperatures between 300 and 620 ·C for 45 min. 
Low-energy electron diffraction (LEEO), Auger electron 
spectroscopy (AES), and electron energy-loss spectroscopy 
(EELS) measurements wer~ taken after the samples cooled 
down. During annealing the sample temperature was esti-
mated from the current flowing through the heating ele-
ment, which was calibrated using a thermocouple before the 
experiment. AES data were taken with a single-pass cylin-
drical mirror analyzer (CMA) to monitor surface conta-
mination and changes in the relative Ga/ As surface concen-
tration as a function of annealing temperatures. Low- and 
high-energy AES spectra were recorded in separate runs. A 
2-V peak-to-peak modulation was used for the high-energy 
spectra, while 1 V was used at low energy. LEEO measure-
ments were performed with a standard four-grid optics. The 
sample was placed in position of normal incidence with re-
spect to the (331) surfaces or to the (110) terraces. EELS 
data were obtained in the second-derivative mode with the 
single-pass CMA using a 150-eV primary electron beam. 
The modulation used for EELS was 0.5 V peak to peak. 
III. RESULTS AND DISCUSSION 
The (331) surfaces make an angle of B· with the (110) 
plane. Since the (110) surface is the most stable among all 
surfaces of GaAs, the (331) surface can be expected to de-
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velop (110) terraces after annealing at high enough tem-
perature. This is indeed the case. This incidentally oflers 
another way to distinguish the (331) -A from the (331)-B 
surface. The (110) facets on the A surface are rotated 180· 
with respect to the facets on the B surface around the normal 
to the (110) plane. Since the GaAs( 110) surface exhibits 
very different LEED intensity profiles for (hk) and (ilk) 
beams,6 the identification of the A vs B surfaces is unambigu-
ous. This approach yields the same A vs. B identification as 
the chemical etching. 
The results of the LEED studies are summarized in Fig. 2. 
For MBE prepared samples, the (331 )-A surface exhibits 
double-layer steps separated by (110) terraces after anneal-
ing up to - 550 ·C, and develops large ( 110) and ( III) fac-
ets at higher temperature; the (331 )-B surface is fiat when 
annealed up to 550 ·C, and exhibits double-layer steps with 
( 110) terraces after further annealing at 600 ·C; it then de-
velops large (110), (10 1), (0 II ), and (Ill) facets after 
further annealing. For surfaces prepared by IBA, the (331)-
A surface exhibits double-layer steps at rather low annealing 
temperature, and develops large (110) and (111) facets 
after annealing above 420 ·C; the (331) -B surface is fiat for 
annealing temperature up to 600 ·C, and exhibits large 
(110), (101), (011), and (111) facets afterfurther anneal-
ing. 
The LEED pattern of the (331) -B surface is usually con-
siderably better than that of the (331) -A surface in that the 
spots are sharper and the background is lower. However, 
since the LEED patterns of the IBA-prepared surfaces are 
very dim after annealing at low temperatures, the initial 
structure remains questionable. It is more easily identified 
after annealing at higher temperature when the patterns are 
sharper and the diffuse background lower. Stepped surfaces 
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FIG. I. Projection of the zinc-blende lattice on 
the (110) plane showing the (331), (III), 
and (110) planes. 
are identified from the LEED patterns which exhibit single 
and double diffraction spots. 7 We determine the orientation 
of the terraces by observing the LEED patterns in off-nor-
mal incidence conditions, i.e., with the sample rotated by 13· 
and 22· toward the normal to the ( 110) plane and the ( III ) 
plane, respectively. The characteristic symmetries of the 
surfaces (331 )-A (331 )-8 Te~:~~ (331 )-A (331)-8 M3E ME IBA IBA 
room temp. (after growth double·layer 
270 Slepped 
with 
360 double·layer (110) 
420 stepped flat terraces 
450 with flat 
490 (110) facetted 
520 terraces (110) 
550 (111 ) 







620 (11 1) facetted faCilued (110).(101 ) (110).(101 ) 
650 (011).(111) (01').(! 11) 
FIG. 2. Summary of LEED observations. 
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corresponding surfaces were always found. The (110) orien-
tation was independently confirmed by the one-to-one 
match of all primary beam intensity profiles during the tran-
sition between the (331) pattern and the standard pattern 
observed from a small (110) surface area located near the 
edge of the sample. The orientation of the facets was deter-
mined in the same way as the orientation of the (110) ter-
races of stepped surfaces. 
For stepped surfaces, the mean step height was deter-
mined independently by matching electron energies at 
which singlets and doublets are observed experimentally 
with energies calculated with the formula given by Henzler1 : 
150[V;\2] [ (S _ hx - ky)2 + (ha* + kb*)2d2/4~ ]2 ~k= , 
4d 2 (S - hx - ky)cos () - (h la*lcos tPa + k Ib*lcos tPb)d sin () /2rr 
where d is the step height, () is the incident angle with respect 
to the normal to the terrace, hand k are integer beam indices, 
and x and yare the lateral shift from terrace to terrace in 
terms of a and b, the lattice vectors, respectively. a* and b* 
are the reciprocal lattice vectors. tPa and tPb are the angles 
between the projection of the incident direction on the ter-
race surface and the lattice vectors. The calculated voltage 
Vhk yields a condition for in-phase scattering among ter-
races (single spot) when S is an integer and an out-of-phase 
condition (double spot) when S is a half-integer. 
The ratio of the Ga(55 eV) and As(31 eV) AES peak 
heights, which is sensitive to the composition of the top two 
to three layers of the crystal, was used to evaluate the surface 
stoichiometry. For both A and B surfaces prepared by MBE, 
the Gal As ratio starts from -0.3 which indicates an As-rich 
composition, as the growth was terminated in As flux, and 
increases to 0.5 which corresponds to the stoichiometric ra-
tio of (331) surfaces at an annealing temperature of 
_450°C. Then it reaches its maximum (characteristic of a 
Ga-rich composition) at - 550°C, the temperature at which 
the clearest LEEO patterns are obtained. For samples pre-
pared by IBA, these ratios show less regularity. The (331 )-A 
surface starts with a Ga-rich composition and rapidly be-
come As rich after annealing at 420°C. Then the ratio oscil-
lates around the ideal stoichiometric ratio of 0.5. The (331)-
B surface starts with an As-rich composition, and the ratio 
oscillates around 0.5. The causes of this oscillation are still 
unknown. Figure 3 summaries these results. The Gal As ra-
tio versus As coverage relation is taken from the work ofTu 
et al. s The ratios between the Ga( 1070 eV) and As( 1228 
eV) high-energy peaks were also recorded and are shown as 
Fig. 4. For MBE-prepared surfaces, the high- and low-ener-
gy ratios are similar. For IBA -prepared surfaces, these ratios 
are again less regular. 
The results of the EELS studies are shown in Figs. 5 and 6. 
The 3.6- and 6-eV peaks corresponds to valence band-to-
conduction band transitions. The 10.4 and 16.2 eV are the 
surface and bulk plasmons, respectively. The 19.5-21 eV (42 
eV) peaks correspond to Ga 3d (As 3d)-to-conduction band 
transitions, respectively. One remarkable feature for the 
MBE prepared samples is the appearance of a clear surface 
plasmon peak (10.4 eV) after annealing at -450 ·C. We 
believe that the appearance of this peak can be associated 
with the removal of the As overlayer as indicated by the 
Gal As ratio discussed above. Also, the intensity of the Ga 
surface exciton (SE) peak (20.0 eV), which corresponds to 
the excitation of the transition between the Ga 3d core level 
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and the Ga dangling bond,9.IO grows higher as the (110) 
facets are developed. 
On samples prepared by either MBE or IBA, the (331)-B 
surfaces are flat in a large range of temperature, and develop 
facets much later than the (331 )-A surfaces do. When com-
paring samples prepared by the two different procedures, we 
observed that (331) -A surfaces prepared by IBA develop 
facets after annealing at much lower temperatures than the 
(331 )-A by MBE; for (331)-Bsurfaces, though surfaces pre-
pared by both procedures develop facets after annealing at 
the same temperature, those prepared by MBE exhibit dou-
ble-layer steps before developing facts. The surfaces pre-
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FIG. 3. AES Ga(55 eV)/As(31 eV) ratios for (a) surfaces prepared by 
MBE and (b) surfaces prepared by IBA. The ideal stoichiometric ratio for 
the (331) surfaces is -0.5. 
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FIG. 4. AES Ga( 1l70eV)/ As( 1228 eV) ratios for (a) surfaces prepared by 
MBE and (b) surfaces prepared by IBA. 
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FIG. 5. EELS spectr-a from (331 )-A and -B surfaces prepared by MBE:(a) 
( 331) -A by MBE and (b) (331) -B by MBE. Incidence energy = ISO tv. 
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FIG. 6. EELS spectra from (331)-A and -Bsurfacesprepared by IBA: (a) 
(331 )-A by IBA and (b) (331 )-B by IBA. Incidence energy = ISO eV. 
pared by IBA. This presumably corresponds to the fact that 
ion bombardment and annealing creates a high density of 
defects on the surface, and thus leaves the surface in a higher 
energy state. Upon annealing-induced atomic rearrange-
ment, the surface is driven into the low-energy (110) state, 
the most stable surface of GaAs. On the other hand, the 
molecular-beam epitaxy surface presumably starts in a local 
energy minimum, i.e., the (331) surface, and therefore is 
more stable than the IBA surface. 
Uppal et al.s have grown Si-doped GaAs on the GaAs 
(331 )-A and (331 )-Bsurfaces, and found that the B orienta-
tion produces an n-type sample, while the A orientation pro-
duces a p-type sample initially which turns into n type as the 
As/Ga flux ratio increases. This might be explained by the 
fact that the GaAs (331) -A surface is stepped with (110) 
terraces at rather low temperature, and that Si on a (110) 
surface at or above 550 0 C is incorporated predominantly as 
an acceptor. Si is highly self-compensated when incorporat-
ed during growth in the (111) direction. Si-doped (331)-A 
GaAs should therefore be p type initially. Then, as the 
As/Ga flux ratio increases, Si is forced to take the Ga site 
and acts as a donor. 
IV. SUMMARY 
We have studied the surface structure of GaAs (331)-A 
and (331) -B surfaces prepared by both MBE and IBA. The 
(331 ) -B surface is more stable than the (331) -A surface in 
either case, and remains flat for a large range of temperature. 
Also, IBA prepared surfaces are less stable than those pre-
pared by MBE_ This unstability is explained by the fact that 
the sample resides in a higher energy state (large density of 
defects) after ion bombardment. By MBE technique, one 
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does not create the higher energy state; the resulting surface 
is better ordered and thus more stable. 
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